This paper is an introduction to, "The EMF 32 Study on U.S. Carbon Tax Scenarios," part of the Stanford Energy Modeling Forum (EMF) Model Inter-comparison Project (MIP) number 32. Eleven modeling teams participated in this study examining the economic and environmental impacts of various carbon tax trajectories and differing uses of carbon tax revenues. This special issue of Climate Change Economics documents the results of this study with four crosscutting papers that summarize results across models, and ten papers from individual modeling teams.
climate change. 1 Furthermore, economists have also emphasized that the economic impacts of a policy that prices greenhouse gas emissions depends upon not just the level of the carbon price, but also upon how the revenues are used. 2 "The EMF 32 Study on U.S. Carbon Tax Scenarios," part of the Stanford Energy Modeling Forum (EMF) Model Inter-comparison Project number 32, explores these issues through a cross-model comparison of results from U.S. climate policy scenarios focusing on different carbon tax trajectories and different options for using the revenues from the tax. This special issue of Climate Change Economics presents the main findings of the study.
This introductory paper has four objectives: (1) describe the motivation for this component of the EMF 32 study, (2) put this study in the context of other past and current inter-model comparison projects, (3) describe the structure of this special issue of the Climate Change Economics, and (4) give a brief overview of the insights developed in the papers produced by the individual modeling teams that are included in this special issue.
EMF 32 focuses on the interactions between carbon tax policies and revenue recycling in the United States. It follows several previous EMF studies that have explored issues related to climate policy, including: The economic case for using taxes to internalize negative externalities dates back nearly a century to Pigou (1920) . See Bovenberg and Goulder (2002) for an overview of environmental tax theory. 2 Two recent collections of papers on the economics of climate policy and the design of carbon taxes include: Fullerton and Wolfram (2012), and Parry et al. (2015) . 3 Gaskins and Weyant (1993) ; Weyant (1993) . 4 Haites et al. (1997) . 5 Weyant (1999) . 6 Weyant (2004) . 7 de la Chesnaye and Weyant (2006) . 8 Clarke et al. (2009) . 9 Fawcett et al. (2014) . 10 Huntington and Smith (2011). 11 Weyant et al. (2014) . 12 Weyant et al. (2013) . 13 EMF 32 started in October 2014 as a follow up to the EMF 24 "Study on U.S. Technology and Climate Policy Strategies," that explored a range of U.S. climate policy architectures under a variety of technology assumptions. The policies examined in EMF 24 included a range of cap-and-trade scenarios with varying stringencies; isolated and combined sectoral policies such as corporate average fuel economy standards (CAFE), renewable portfolio standards (RPS), clean energy standards (CES); and finally a scenario combining a cap-and-trade policy with electricity and transportation sector sectoral policies. One limitation of the EMF 24 study was that all of the scenarios assumed that climate policy revenues were returned lump-sum to households.
From the beginning, the EMF 32 study sought to explore the implications of different uses of climate policy revenues, with a carbon tax being the primary policy instrument, instead of cap-and-trade. In a parallel model comparison exercise, EMF 32 also explored climate policy designs focused solely on the electric power sector, such as those that states may have chosen to adopt, were they to have implemented the Obama Administration's Clean Power Plan.
As the work under EMF 32 progressed, the two tracks of analysis grew and diverged into two separate studies. This special issue of Climate Change Economics documents the "EMF 32 Study on U.S. Carbon Tax Scenarios." The "EMF 32 Study on Technology and Climate Policy Strategies for Greenhouse Gas Reductions in the U.S. Electric Power Sector," will appear in a forthcoming special issue of Energy Economics. 14 After this introductory piece, subsequent papers in this special issue of Climate Change Economics present the results from the EMF 32 study in several forms. The first four present results from all of the models involved in the project. We begin with two overview papers, one technical and one targeted more to the lay reader. The technical overview paper ) describes the scenarios analyzed in the EMF 32 study, documents model-specific results for the core scenarios, and suggests areas for future research. The second overview paper (Barron et al. (2018) ) summarizes the broader policy-relevant results from the study and discusses the strengths and limitations of this kind of modeling.
The subsequent two papers detail the multi-model results for two important outcomes of a carbon tax in the United States: the distributional outcomes across income classes and regions ) and the impacts on sectoral output, energy production and consumption, and competitiveness ).
In addition to the four papers comparing results across models, this special issue includes 10 papers from individual modeling teams that provided results for this study. In their individual papers, they describe their particular approach and experiences running the study scenarios and developing unique insights from the application of their individual modeling platforms. We highlight a few of the insights of these papers here: 14 Murray et al. Woollacott (2018) examines the welfare costs associated with the EMF 32 carbon tax scenarios using the U.S. version of the Applied Dynamic Analysis of the Global Economy (ADAGE) model, and approximates the co-benefits that arise from the concomitant reductions in non-GHG emissions using the Co-Benefits Risk Assessment (COBRA) Screening Model. Using estimates of the marginal welfare cost per ton and the marginal co-benefits per ton, the paper estimates the implied climate benefit per ton that is required to justify particular levels of CO 2 abatement. The paper also examines the distributional impacts of the EMF-32 scenarios looking both at regional impacts and impacts across income quintiles. Rauch and Yonezawa (2018) uses the CEPE model, an overlapping generations model, to explore lifetime incidence and intergenerational distributional impacts of the EMF 32 carbon tax and revenue recycling scenarios. They find that current generations alive at the time the policy is implemented generally experience smaller welfare impacts than future generations; for low rates of increase in the carbon tax, the largest welfare impacts are for the generation born when the tax is first implemented; and for high rates of increase in the carbon tax, welfare impacts increase for successive generations. These intergenerational distributional impacts of the cost of mitigation provide an interesting starting point for future work that could compare these cost impacts to the intergenerational environmental benefits of climate action.
Ross (2018) explores the regional implications of the EMF 32 carbon tax scenarios using the Dynamic Integrated Economy/Energy/Emissions Model (DIEM). The paper shows that nationally the costs of a carbon tax policy are quite low, but regional impacts can vary significantly based on the structure of the local economies, particularly their energy intensity and dependence on fossil generation. Furthermore, while national approaches to revenue recycling can affect the overall costs of a policy, they do little to change the pattern of relative costs across regions of the United States. Zhu et al. (2018) augment the revenue recycling options in the EMF 32 scenarios with two additional scenarios: an investment subsidy, and a subsidy for renewable energy. Using Environment and Climate Change Canada's multi-sector, multi-region (EC-MSMR) Computable General Equilibrium (CGE) model, the paper shows that from a welfare perspective using carbon tax revenues to subsidize renewable energy is inferior to all other options examined.
The Future Agricultural Resources Model (FARM) used in Sands (2018) , is the only model in this study that represents negative emissions technologies such as bioelectricity with CO 2 capture and storage (BECCS). Assuming that the government pays a subsidy for each ton of negative CO 2 emissions equal to the carbon price, FARM shows that in a scenario with a 76% reduction target by 2050 the remaining net carbon tax revenue peaks in the 2030's and declines thereafter. This results in dramatically less carbon tax revenue available for revenue recycling compared to a scenario with a similar target that does not allow BECCS.
The G-Cubed modeling team presents results in McKibbin et al. (2018) that explore the impacts of imposing a border carbon adjustment (BCA) on imports in the context of the EMF 32 scenarios with a carbon tax that starts at $25 and rises by 5% real annually. They find that BCAs can have strikingly different effects depending on the use of the revenue. The BCAs in the rebate scenario result in slightly lower domestic output in most sectors than would occur under the same tax without them. The BCAs, in other words, do more harm than good to the production side of the economyincluding in the relatively energy-intensive sectors like durable goods manufacturing. In contrast, when the revenue is used to reduce a distortionary taxin this case, the tax on capital -BCAs tend to result in higher output than the carbon tax alone. That is, for most sectors domestic output falls by less under the capital tax swap with the BCA than it does with the tax swap alone. Chen et al. (2018) use the Goulder-Hafstead Environment-Energy-Economy (GH-E3) model to examine the significance of uncertainty in baseline forecasts (oil prices, natural gas prices, renewable costs, energy efficiency, and rate of economic growth) on short and medium-term carbon dioxide emissions projections under a carbon tax. The paper shows that energy efficiency and economic growth assumptions are the largest drivers of baseline emissions uncertainty; however, emissions abatement (reductions relative to baseline) is relatively insensitive to alternative baseline scenarios. Across the range alternative forecast scenarios examined the E3 model estimates that the short term emissions target scenarios in EMF 32 can be met with modest carbon taxes.
A new version of the Intertemporal General Equilibrium Model (IGEM) with an industry structure based on the North American Industry Classification System (NAICS) is described in Jorgenson et al. (2018) . The paper finds that while emissions outcomes are insensitive to the choice of revenue recycling option, welfare and distributional outcomes can vary widely. From a cost effectiveness perspective (i.e., considering only the costs of abatement, not the benefits), the paper shows that using carbon tax revenues to reduce capital taxes has a smaller welfare loss per ton abated than using the revenues to reduce labor taxes, and lump sum redistribution of carbon tax revenues has the highest welfare cost per ton abated. From an equity perspective though, the paper finds that capital tax recycling is regressive, while labor tax recycling and lump sum redistribution are progressive. Arora et al. (2018) uses the National Energy Modeling System (NEMS) to compare using carbon tax revenues to reduce corporate income tax rates or fund direct lump sum payments to consumers under the range of EMF 32 carbon tax trajectories. The paper shows that while energy consumption is more sensitive to carbon price the revenue recycling scheme, real consumption, investment and GDP are more sensitive to the choice of revenue recycling scheme than to the carbon tax, with greater marginal impacts when revenue is recycled lump sum to households. use the U.S. Regional Energy Policy (USREP) model linked to the Regional Energy Deployment System (ReEDS) model to examine the distributional impacts across income quintiles of carbon taxes under different revenue recycling options. As with some other models in EMF 32 that examine distributional issues, this paper finds that there is a trade-off between efficiency and equity, with recycling carbon tax revenue to reduce capital taxes being the most efficient, but also the most regressive, and recycling carbon tax revenue via lump sum transfers to households being the least efficient, but the most progressive. This paper goes on to show that hybrid revenue recycling schemes sacrifice little overall efficiency by recycling most carbon tax revenues to reduce capital taxes, while setting aside a small share of collected tax revenue for transfers to keep the lowest income households unharmed, or for transfers to ensure that the overall impacts of the policy are progressive.
